ABSTRACT. Cryoconite holes are water-filled holes in the surface of a glacier caused by enhanced ice melt around trapped sediment. Measurements on the ablation zones of four glaciers inTaylorValley, Antarctica, show that cryoconite holes cover about 4^6% of the ice surface. They typically vary in diameter from 5 to 145 cm, with depths ranging from 4 to 56 cm. In some cases, huge holes form with 5 m depths and 30 m diameters. Unlike cryoconite holes elsewhere, these have ice lids up to 36 cm thick and melt from within each spring. About one-half of the holes are connected to the near-surface hydrologic system and the remainder are isolated.The duration of isolation, estimated from the chloride accumulation in hole waters, commonly shows ages of several years, with one hole of 10 years. The cryoconite holes in the McMurdo DryValleys create a near-surface hydrologic system tens of cm below the ice surface. The glacier surface itself is generally frozen and dry. Comparison of water levels between holes a few meters apart shows independent cycles of water storage and release. Most likely, local freeze^thaw effects control water passage and therefore temporary storage. Rough calculations indicate that the holes generate at least 13% of the observed runoff on the one glacier measured. This hydrologic system represents the transition between a melting ice cover with supraglacial streams and one entirely frozen and absent of water.
INTRODUCTION
Cryoconite holes are vertical cylindrical melt holes in the glacier surface, which have a thin layer of sediment at the bottom and are filled with water. The Swedish explorer A. E. Nordenskj˛ld first named these melt holes during his 1870 Greenland expedition: ''cryo'' means ice and ''conite'' means dust . Cryoconite holes are common to the ablation zone of glaciers worldwide, including the Arctic SÌwstr˛m and others, 2002) , temperate glaciers of the mid-latitudes McIntyre,1984; Margesin and others, 2002) and the Antarctic (Wharton and others,1985; Mueller and others, 2001 ). On most glaciers, particularly those in temperate zones, the holes form water-filled pools, with typical horizontal and vertical dimensions of $<10 cm, with maximum dimensions <1m.
Cryoconite holes are not limited to glaciers, but also appear on sea ice and lake ice. first reported cryoconite holes on the sea ice. More recently, others have investigated the processes of formation and evolution . Cryoconite holes have not been explicitly recognized as such on the permanent ice-covered lakes of the McMurdo DryValleys, but features with similar formation mechanisms have been studied and can be considered as cryoconite holes. The holes have been known by a variety of names, including dust wells, dust basins, subsurface melt pools and baignoires , the latter being a name for large ($1m diameter) elongated, bath-tub-shaped features.
The holes form from sediment deposits that preferentially melt into the ice due to the lower albedo (greater absorption of solar radiation) of sediment compared to the bare ice. As the holes deepen, the rate of deepening slows due to a reduction in radiation energy as the optical depth along the ray path to the sediment increases. A steady-state depth is reached when the downward melt rate equals the ablation rate of the glacier surface (Gribbon,1979; Wharton and others, 1985) . showed that the most rapid development of the holes occurred during clear weather dominated by solar radiation, supporting hypothesis. In addition to the physical sources of energy for melting, biological energy may also contribute to melting. Cryoconite holes typically contain microbial organisms and produce some heat for melting . The organisms include tardigrades, rotifers (De Smet and Van Rompu,1994 ; Gron-
The holes form from sediment deposits that preferentially melt into the ice due to the lower albedo (greater absorption of solar radiation) of sediment compared to the bare ice. As the holes deepen, the rate of deepening slows due to a reduction in radiation energy as the optical depth along the ray path to the sediment increases. A steady-state depth is reached when the downward melt rate equals the ablation rate of the glacier surface (Gribbon,1979; Wharton and others, 1985) . showed that the most rapid development of the holes occurred during clear weather dominated by solar radiation, supporting hypothesis. In addition to the physical sources of energy for melting, biological energy may also contribute to melting. Cryoconite holes typically contain microbial organisms and produce some heat for melting . The organisms include tardigrades, rotifers (De Smet and Van Rompu,1994; Gron-gaard and others, 1999; Takeuchi and others, 2000) , protozoa, copepods, insect larvae and cyanobacteria Wharton and others, 1981) . Field experiments have shown that when the micro-organisms are killed the holes are 10% less deep than those with active organisms . speculated that the importance of metabolic energy may increase with latitude as the other sources of energy decrease. The eventual decay of holes results from water freezing in the holes as winter approaches or their becoming incorporated into supraglacial streams .
This report describes the physical and hydrological characteristics of cryoconite holes on the glaciers of Taylor Valley, Antarctica, and tests the hypothesis that the holes are a source of meltwater runoff. Very little surface water is observed on the glaciers in this region, despite streams flowing from the glaciers. Closer observations reveal a subsurface water system, a few tens of cm below the surface, composed of ice-lidded cryoconite holes with interconnected passages. The motivation for this work is to support the efforts of the McMurdo DryValleys LongTerm Ecological Research project, an interdisciplinary study of the physical controls on the structure and functioning of a polar desert ecosystem (Fountain and others,1999a ).
Site description
The McMurdo Dry Valleys, Antarctica, are located on the Ross Sea coast of southern Victoria Land, Antarctica, at $77.5 ‡ S, $163 ‡ W (Fig. 1) . The valleys are a polar desert, a barren landscape dominated by a gravelly, sandy soil with enclosed, perennially ice-covered, lakes. Polar alpine glaciers descend from the surrounding1000 m high mountains, and the larger glaciers reach the valley bottom where they abruptly terminate in cliffs about 20 m high Fountain and others, 1998) . A few outlet glaciers from the East Antarctic ice sheet enter the valleys. Ephemeral streams flow from the glaciers to the lakes for no more than 10 weeks during the austral summer (McKnight and others, 1999) . Average annual air temperature on the valley floors varies from^15 ‡ to^30 ‡C with summer temperatures close to freezing (Doran and others, 2002) . Annual precipitation (snow) in the valley bottom averages about 6 cm w.e. . However, much of the snow sublimates before making a hydrologic contribution to the streams or lakes and glacier meltwater as the primary source to the streams and lakes.
Our study is focused on the glaciers inTaylorValley. The western end of the valley is blocked by Taylor Glacier, an outlet glacier of the East Antarctic ice sheet, whereas the eastern end, 36 km away, is open to McMurdo Sound. The average annual air temperature is about 17 ‡C in the valley bottom (Doran and others, 2002) , and about one-third of the valley watershed, defined by the mountain peaks, is glaciercovered (Fountain and others, 1998) . The glacier equilibrium-line altitude rises rapidly away from the ocean as a consequence of the decrease in precipitation and increase in sublimation due to an increase in wind speed (Fountain and others, 1999b) . Mass balances of the valley glaciers reflect the desert conditions, with annual averages of no more than þ5 cm w.e. (Fountain, unpublished data) . The surface of the glacier ablation zone is generally snow-free and always exhibits a net mass loss in both summer and winter. Average ablation rates in the ablation zone are about (Fig. 5 ) and where the subsurface drainage system was mapped (Fig. 6) .The black line around the valley marks the watershed. The western boundary is somewhat arbitrary. Takeuchi and others, 2000) , protozoa, copepods, insect larvae and cyanobacteria Wharton and others, 1981) . Field experiments have shown that when the micro-organisms are killed the holes are 10% less deep than those with active organisms . speculated that the importance of metabolic energy may increase with latitude as the other sources of energy decrease. The eventual decay of holes results from water freezing in the holes as winter approaches or their becoming incorporated into supraglacial streams .
Our study is focused on the glaciers inTaylorValley. The western end of the valley is blocked by Taylor Glacier, an outlet glacier of the East Antarctic ice sheet, whereas the eastern end, 36 km away, is open to McMurdo Sound. The average annual air temperature is about 17 ‡C in the valley bottom (Doran and others, 2002) , and about one-third of the valley watershed, defined by the mountain peaks, is glaciercovered (Fountain and others, 1998) . The glacier equilibrium-line altitude rises rapidly away from the ocean as a consequence of the decrease in precipitation and increase in sublimation due to an increase in wind speed (Fountain and others, 1999b) . Mass balances of the valley glaciers reflect the desert conditions, with annual averages of no more than þ5 cm w.e. (Fountain, unpublished data) . The surface of the glacier ablation zone is generally snow-free and always exhibits a net mass loss in both summer and winter. Average ablation rates in the ablation zone are about (Fig. 5 ) and where the subsurface drainage system was mapped (Fig. 6 ).The black line around the valley marks the watershed. The western boundary is somewhat arbitrary. Fig. 2 . On top is an aerial view of cryoconite holes onTaylor Glacier. Ice flow is to the right and north is up. Below is a schematic of a vertical cross-section of a cryoconite hole with sediment (cryoconite) at the bottom.
^10 cm a^1 (Fountain, unpublished data) . Winter (February^October) ablation is entirely by sublimation and is roughly equal to summer (November^January) ablation, which is composed of sublimation (40^80%) and melt (602 0%) (Lewis and others,1998 ).
Previous work in Taylor Valley
Cryoconite holes in the dry valleys were first observed by Scott's expedition Wright and Priestly, 1922) . Later Wharton and others (1981) , Mueller and others (2001) and Porazinska and others (2004) examined the biodiversity within the holes in Taylor Valley. Mueller and others (2001) also studied the physical characteristics and found that from five circular plots, each 5 m in radius, the surface area covered by the holes ranged from 0% near the snowline to 8.6% near the glacier terminus and averaged about 3.5%. The average diameter of all the holes was 27.1cm. Internal dimensions for a subset of holes >10 cm in diameter were: depth 32.4 cm; thickness of ice lid 14.1cm; air space 3.8 cm; and water depth 14.3 cm. A sediment layer, <0.5 cm thick, covers the bottom of each hole. Tranter and others (2004) examined the hydrochemistry of the cryoconite holes from three glaciers in Taylor Valley and found extreme values in some holes. The water could be tea-colored with pH values approaching 11, pCO 2 of about 10^6 atms, and saturation with respect to CaCO 3 . These high pH values are more typical of African soda lakes than of surface waters on glaciers. Tranter and others (2004) inferred that these extreme values must be organically controlled in a closed system, which derives its nutrients from the dissolution of the sediments and gases trapped in the ice.
CRYOCONITE HOLE DISTRIBUTION AND GEOMETRY

Methods and results
In the austral summer of 1998/99, we used several poles in the ablation zone of Commonwealth, Canada, Howard andTaylor Glaciers (Fig.1) , installed for mass-balance measurements, as sites to measure the cryoconite diameter and population. A 5 m long rope was looped over the pole, and all the cryoconite holes were measured within the 5 m radius circle inscribed by the rope. Only the diameter of each hole, two perpendicular measurements each, was measured. A hole was identified by a circular patch of darker ice (Fig. 2) . Although none of these holes were drilled to verify the existence of subsurface water, based on our experience with holes >10 cm in diameter, we knew they contained water. We speculate that the smaller holes (<10 cm) had or have water in them. All the holes encountered were close to circular in shape and were covered by an ice lid.
Hole diameters ranged from <5 cm to 145 cm (Fig. 3 ). An analysis of variance showed that the populations are statistically different between glaciers (p < 0.002; p value is the probability of obtaining the test result by random chance), except for Taylor and Commonwealth Glaciers (p ¼ 0.65) . These two glaciers show a skewed distribution of holes towards smaller diameters. Canada and Howard Glaciers show a fairly flat distribution of diameters. The average diameters differ among glaciers, with the largest mean diameters found on Howard Glacier, then Canada Glacier, with Commonwealth and Taylor Glaciers showing smaller and similar diameters ( Table 1 ). The number of holes per unit area is nearly the inverse, with the fewest holes on Howard Glacier and the greatest number on Commonwealth and Taylor Glaciers. The fractional area covered by cryoconite holes is greatest on Howard Glacier (6.4% of the surface area), exceeding all other glaciers and almost twice the coverage onTaylor Glacier (3.4%). These statistics must be used with some caution, as the number of holes per unit area can change across the ablation zone of a glacier (Takeuchi and others, 2000; Johnston, 2003) .
We collected data on the depth and diameter of cryoconite holes in field seasons 1998/99, 1999/2000 and 2000/01 (Fig. 4) . The depth of the cryoconite holes varies from 4 to 56 cm. We believe this range to be somewhat limited by our sample size, particularly for the large diameters, as will be discussed later. Contrary to studies in other regions (Gribbon,1979) , we found no relation between hole depth and altitude over the 500 m range measured. There seems to be a general relation of increasing depth with increasing hole 
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Cryoconite holes in the dry valleys were first observed by Scott's expedition Wright and Priestly, 1922) . Later Wharton and others (1981) , Mueller and others (2001) and Porazinska and others (2004) examined the biodiversity within the holes in Taylor Valley. Mueller and others (2001) also studied the physical characteristics and found that from five circular plots, each 5 m in radius, the surface area covered by the holes ranged from 0% near the snowline to 8.6% near the glacier terminus and averaged about 3.5%. The average diameter of all the holes was 27.1cm. Internal dimensions for a subset of holes >10 cm in diameter were: depth 32.4 cm; thickness of ice lid 14.1cm; air space 3.8 cm; and water depth 14.3 cm. A sediment layer, <0.5 cm thick, covers the bottom of each hole. Tranter and others (2004) atms, and saturation with respect to CaCO 3 . These high pH values are more typical of African soda lakes than of surface waters on glaciers. Tranter and others (2004) inferred that these extreme values must be organically controlled in a closed system, which derives its nutrients from the dissolution of the sediments and gases trapped in the ice.
CRYOCONITE HOLE DISTRIBUTION AND GEOMETRY
Methods and results
Hole diameters ranged from <5 cm to 145 cm (Fig. 3 ). An analysis of variance showed that the populations are statistically different between glaciers (p < 0.002; p value is the probability of obtaining the test result by random chance), except for Taylor and Commonwealth Glaciers (p ¼ 0.65). These two glaciers show a skewed distribution of holes towards smaller diameters. Canada and Howard Glaciers show a fairly flat distribution of diameters. The average diameters differ among glaciers, with the largest mean diameters found on Howard Glacier, then Canada Glacier, with Commonwealth and Taylor Glaciers showing smaller and similar diameters ( Table 1 ). The number of holes per unit area is nearly the inverse, with the fewest holes on Howard Glacier and the greatest number on Commonwealth and Taylor Glaciers. The fractional area covered by cryoconite holes is greatest on Howard Glacier (6.4% of the surface area), exceeding all other glaciers and almost twice the coverage onTaylor Glacier (3.4%). These statistics must be used with some caution, as the number of holes per unit area can change across the ablation zone of a glacier (Takeuchi and others, 2000; Johnston, 2003) .
We collected data on the depth and diameter of cryoconite holes in field seasons 1998/99, 1999/2000 and 2000/01 (Fig. 4) . The depth of the cryoconite holes varies from 4 to 56 cm. We believe this range to be somewhat limited by our sample size, particularly for the large diameters, as will be discussed later. Contrary to studies in other regions (Gribbon,1979), we found no relation between hole depth and altitude over the 500 m range measured. There seems to be a general relation of increasing depth with increasing hole size up to about 20^30 cm deep, after which the visual correlation breaks down. No overall significant statistical correlation exists. On a subset of holes, the thickness of the ice lid varied between 9 and 36 cm.
Analysis and interpretation
The distributions of hole diameters between glaciers may suggest different sediment fluxes and perhaps sources. The skewed distribution found on Taylor and Commonwealth Glaciers may imply an aeolian sediment source, as the many small holes indicate sediment dispersal into small patches. If more sediment were available and less dispersed, presumably larger holes would develop, like the flat distribution of Canada and Howard Glaciers. On these two glaciers, sediment sources may also include avalanching from the adjacent steep valley walls, which directly contact the glacier in the upper ablation zone or lower accumulation zone. Some of this sediment may be advected through the ice to the surface of the ablation zone. Support for an avalanche source is provided by grain-sizes of sediment found in cryoconite holes on Canada Glacier. About 60% of the sediment mass is from grains >1mm in diameter. In local aeolian-deposited sand dunes on the valley floor, about 75% of the mass is composed of grain-sizes <0.25 mm in diameter. Our findings support those of who identified aeolian and avalanche sediment sources for cryoconite development.
The scatter of hole-depth/-diameter data (Fig. 4 ) may reflect both developing and mature cryoconite holes. The developing holes are melting down into the ice and have not reached their equilibrium depth, whereas the mature holes have reached their equilibrium depth. Intuitively, one expects a relation between diameter and depth, but numerous factors interact to confuse this simple relation. The initial size of the sediment patch probably determines diameter, as we see no evidence to suggest small holes merge. This notion differs from cryoconite holes without ice lids in more temperate climates where merging cryoconite holes are often observed . The depth of the hole may be affected by sediment thickness. For subaerial conditions, sediment thicknesses greater than some critical value (few tens of mm) insulate the ice and retard ablation compared to clean ice, whereas sediment accumulations less than the critical value increase ablation Adhikary and others, 2000) . We presume a similar process occurs in the water-filled cryoconite holes. If thick sediments cover the hole bottom, the solar energy absorbed by the sediment heats the water and may enlarge the hole diameter. Spatial variations in ice transmissivity may also be a factor. In clear ice, cryoconite holes should be deeper than in bubbly ice, which scatters the incoming solar radiation.
The depth/diameter data tend to cluster for each of the glaciers (Fig. 4a) , except for Taylor Glacier, which nearly spans the data range of all the other glaciers together. The diameters differ from Table 1 and Figure 3 because the sample size is different and we tended to drill into larger holes. The average hole depth (Fig. 4b ) is greatest for Canada Glacier and least for Howard Glacier. The reason for these variations is unclear, although it might be related, as previously described, to sediment flux, slope and aspect, albedo characteristics of the glacier surface and transmissivity of the ice. Another possibility is spatial differences in ice temperature, which is strongly influenced by local air temperature and can vary in the valley by several ‡C (Doran and others, 2002) .
In agreement with Takeuchi and others (2000), and dif- 
The scatter of hole-depth/-diameter data (Fig. 4 ) may reflect both developing and mature cryoconite holes. The developing holes are melting down into the ice and have not reached their equilibrium depth, whereas the mature holes have reached their equilibrium depth. Intuitively, one expects a relation between diameter and depth, but numerous factors interact to confuse this simple relation. The initial size of the sediment patch probably determines diameter, as we see no evidence to suggest small holes merge. This notion differs from cryoconite holes without ice lids in more temperate climates where merging cryoconite holes are often observed . The depth of the hole may be affected by sediment thickness. For subaerial conditions, sediment thicknesses greater than some critical value (few tens of mm) insulate the ice and retard ablation compared to clean ice, whereas sediment accumulations less than the critical value increase ablation Adhikary and others, 2000) . We presume a similar process occurs in the water-filled cryoconite holes. If thick sediments cover the hole bottom, the solar energy absorbed by the sediment heats the water and may enlarge the hole diameter. Spatial variations in ice transmissivity may also be a factor.
In clear ice, cryoconite holes should be deeper than in bubbly ice, which scatters the incoming solar radiation.
The depth/diameter data tend to cluster for each of the glaciers (Fig. 4a) , except for Taylor Glacier, which nearly spans the data range of all the other glaciers together. The diameters differ from Table 1 and Figure 3 because the sample size is different and we tended to drill into larger holes. The average hole depth (Fig. 4b) is greatest for Canada Glacier and least for Howard Glacier. The reason for these variations is unclear, although it might be related, as previously described, to sediment flux, slope and aspect, albedo characteristics of the glacier surface and transmissivity of the ice. Another possibility is spatial differences in ice temperature, which is strongly influenced by local air temperature and can vary in the valley by several ‡C (Doran and others, 2002) .
In agreement with Takeuchi and others (2000), and dif- , we did not observe any relation between elevation and hole depth. Perhaps this is because of differences in the time the ice is exposed to sunlight in temperate conditions and polar conditions. In temperate conditions, the ice is exposed only after the snow melts away and the snowline recedes to higher elevations. So cryoconite holes near the terminus can be sun-exposed for several months whereas those near the equilibrium line may be exposed for only a couple of weeks. In the dry valleys, the ablation zone is generally snow-free all year long. Even in winter the ablation zone experiences a negative mass balance (Fountain and others, 1998) . When snow temporarily accumulates on the ablation zone, it usually covers the entire ablation zone. Therefore, the holes across the ablation zone have nearly equal exposure time to the sun.
HYDROLOGY OF CRYOCONITE HOLES
Methods and results
During the summer of 2001/02, three relatively large cryoconite holes on Canada Glacier, b, 4 and 5, were repeatedly measured by hand for nearly a month. The site was located near the center of the ablation zone ( Fig. 1) at an altitude of 230 m and on a slope of about 4 ‡. This region is generally representative of the glacier surface. Hole b was 25 cm in diameter and initially 35 cm deep. Hole 4 was about 150 cm in diameter and initially 76 cm deep, and hole 5 was about 60 cm in diameter and 57 cm deep. Measurements of distance to the ice lid and to the sediment in the bottom of the hole were made from a fixed reference, a horizontal bamboo pole suspended between two vertical poles drilled into the ice. An extreme melting event occurred in mid-December that melted away the lids of most cryoconite holes. We observed subsurface channels connecting to holes 4 and 5. Hole b appeared to be isolated. Thin ice covers developed on the hole water and reformed when the water changed level substantially. So for our purposes, a measure to the ice cover provided a proxy measure to the water surface.
Results showed substantial changes in water levels (Fig. 5) . The two larger holes (4 and 5) generally drained over the measurement period, and the smallest hole (b) gained some water before draining. The change in hole b was surprising because no channels were obvious and we thought it hydrologically isolated. The water-level changes are not synchronous between the holes. To depict the configuration of the drainage system, we mapped drainage features over a 10 m by 10 m area on Canada Glacier about 20 m away from the holes in which we measured the water levels (Fig. 6) . We sketched the location of each feature, measured at 0.5 m intervals, on scaled graph paper. Features smaller than 0.5 m were located within each 0.5 m square by eye. Clearly, the glacier is covered with a system of pools (cryoconite holes) and streams (connecting passages). Additionally, cracks in the ice may also transmit water. This system appears broadly similar to that found on the surface of temperate and polythermal glaciers (Gribbon,1979; McIntyre,1984) .
Analysis and interpretation
Changes in the hole water levels reflect the lateral flux of water through the holes and, to a lesser degree, melt within the holes. Water flux is controlled by melt production in the hydraulic system and by the hydraulic resistance posed by the connecting passageways. We conjecture that the passageways enlarge by solar-radiation-induced melt and shrink by local variations in freezing. Frictional heating of flowing water (R˛thlisberger, 1972) probably contributes very little to the melt enlargement in these conditions. Changes in water level for holes 4 and 5 are broadly similar although the timing and magnitude are different, and hole b is quite different altogether. The variation in timing of peak levels between holes suggests that the hydraulics are spatially variable. Local controls on the water flux must 
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To depict the configuration of the drainage system, we mapped drainage features over a 10 m by 10 m area on Canada Glacier about 20 m away from the holes in which we measured the water levels (Fig. 6) . We sketched the location of each feature, measured at 0.5 m intervals, on scaled graph paper. Features smaller than 0.5 m were located within each 0.5 m square by eye. Clearly, the glacier is covered with a system of pools (cryoconite holes) and streams (connecting passages). Additionally, cracks in the ice may also transmit water. This system appears broadly similar to that found on the surface of temperate and polythermal glaciers (Gribbon,1979; McIntyre,1984) .
Analysis and interpretation
Changes in the hole water levels reflect the lateral flux of water through the holes and, to a lesser degree, melt within the holes. Water flux is controlled by melt production in the hydraulic system and by the hydraulic resistance posed by the connecting passageways. We conjecture that the passageways enlarge by solar-radiation-induced melt and shrink by local variations in freezing. Frictional heating of flowing water (R˛thlisberger, 1972) probably contributes very little to the melt enlargement in these conditions. Changes in water level for holes 4 and 5 are broadly similar although the timing and magnitude are different, and hole b is quite different altogether. The variation in timing of peak levels between holes suggests that the hydraulics are spatially variable. Local controls on the water flux must dominate because the climatic environment is uniform over the scale of tens of meters. Such controls might include local freezing and thawing resulting from small-scale topographic variations that cause differential solar illumination and shading. Other possible controls, such as sediment thickness and transmissivity of the ice, are relatively constant in time and should only affect flux magnitude, not peak timing. Over large areas (>100 m), these small-scale effects probably cancel, resulting in the diel flux of water observed in the stream-flow.
During the observation period the bottom of each hole deepened. Hole b deepened by 3.5 cm, hole 4 by 21cm, and hole 5 by 2 cm. Why differences exist in the melt rates is unknown. Hole 4, has the greatest melt rate, the largest diameter and the smallest depth-to-width ratio of 0.5. This comparatively wide, shallow hole allows solar radiation to directly reach the water, rather than be transmitted through the ice with scattering losses. Therefore its waters warm faster and the hole melts faster. Sediment thickness on the hole bottom may also be a factor, but we have no measurements.
Duration of hydrologic isolation for cryoconite holes
During the normally cool summer seasons, the cryoconite holes, connecting passageways and streams are all hidden beneath the glacier surface. Under these conditions it is unclear what fraction of the cryoconite holes is hydraulically connected. During the summer of 1999/2000, we attempted to estimate the frequency of hydraulic connectivity using the chloride (Cl^) content of the hole waters. Chloride is a relatively conservative natural tracer and is often used in tracer studies in otherwise reactive environments (Zellweger,1994) .
The primary source of Cl^in the meltwater in the dry valleys is from marine aerosols (Lyons and others, in press). Chloride is a conservative ion that will accumulate in the holes as the holes melt into the glacier. Seasonal cycles of hole-water refreezing and subsequent summer melting do not affect the summer Cl^concentration as long as the hole is hydraulically isolated. The initial quantity of Cl^(mol),
where h is depth of hole (cm), a is cross-sectional area of the hole (cm 2 ) and i is the average concentration of Cl( mol L^1) in the surrounding ice. When the hole is refrozen, we assume that all the Cl^from the lid was rejected from the ice into the waters below. As the holes melt-deepen and the ice is refrozen at the ice lid, the Cl^concentration increases with time. The mass of Cl^in the hole for any time is
where dz/dt is the melt rate at the bottom of the cryoconite hole and Át is the elapsed time. Substituting Equation (1) into Equation (2) and solving for Át yields
The elapsed time is the age of isolation of the hole from the surrounding hydraulic system. If we assume the hole deepening is equal to the ablation (sublimation) of the ice surface , then the melt rate is the ablation rate for the glacier. A value of Át > 0 indicates the age in years of isolation, and a value of Át < 0 indicates water exchange with other meltwater. On Canada Glacier, the average ablation rate in the ablation zone is about 8 cm a^1w.e. The average Cl^concen-tration in the ice surrounding the holes was 32 eq L^1. A depth-averaged water sample was taken from 16 holes and analyzed for Cl^. Results showed that seven holes had t > 0 ( Table 2 ), indicating that 44% were hydraulically isolated and 56% were connected to the water-flow system. If 
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dominate because the climatic environment is uniform over the scale of tens of meters. Such controls might include local freezing and thawing resulting from small-scale topographic variations that cause differential solar illumination and shading. Other possible controls, such as sediment thickness and transmissivity of the ice, are relatively constant in time and should only affect flux magnitude, not peak timing. Over large areas (>100 m), these small-scale effects probably cancel, resulting in the diel flux of water observed in the stream-flow.
Duration of hydrologic isolation for cryoconite holes
The elapsed time is the age of isolation of the hole from the surrounding hydraulic system. If we assume the hole deepening is equal to the ablation (sublimation) of the ice surface , then the melt rate is the ablation rate for the glacier. A value of Át > 0 indicates the age in years of isolation, and a value of Át < 0 indicates water exchange with other meltwater. On Canada Glacier, the average ablation rate in the ablation zone is about 8 cm a^1w.e.
The average Cl^concen-tration in the ice surrounding the holes was 32 eq L^1. A depth-averaged water sample was taken from 16 holes and analyzed for Cl^.
Results showed that seven holes had t > 0 ( Table 2 ), indicating that 44% were hydraulically isolated and 56% were connected to the water-flow system. If Fountain and others: Cryoconite holes in the McMurdo DryValleys this sample is representative, then roughly half of the cryoconite holes produce runoff. It is interesting to note that although the majority of the holes were isolated for a year, three holes were isolated for multiple years and one for over a decade! These values support previous suggestions (Von Drygalski,1897) as quoted by , and our notion that cryoconite holes are relatively stable features and persist from year to year.
WORKING HYPOTHESES
Annual cycle
Once a cryoconite hole is established, it undergoes an annual cycle. Holes reach their maximum depth in late summer under conditions of relatively warm air temperatures and intense sunshine . In early autumn, starting in lateJanuary, conditions cool in response to decreased solar radiation, ice forms on the open-water holes and the water within the ice-lidded holes begins to refreeze. For isolated holes, large pressures can accumulate. We have pierced new ice covers, several cm thick, on previously open holes and observed a jet of water 1^2 m high. Under great pressure, the surrounding ice may fracture, creating incipient channels. Such fracturing is observed around bubbles formed in refrozen water trapped within the lake-ice covers (Adams and others, 1998) . Wright and Priestly (1922) observed the last stages of hole freeze-up during their expedition in late February and early March. They suggested that cracking around the holes drains some of the water from the holes. Eventually, all the water in the system freezes. Winter (February^October) sublimation ablates the glacier surface and decreases the depth to the sediment layer in the frozen holes. By late spring, the sediment is at its shallowest depth.
Air temperatures warm in spring, and solar radiation heats the ice and sediment; ice temperatures around the sediment warm to the melting point. The sediment begins to melt into the ice more rapidly than the ice surface ablates and the holes deepen.The onset of cryoconite melt occurs no earlier than mid-November since we have never encountered water in any holes by that time. The downward melting of the sediment continues until a balance is achieved between the downward melting of the hole and the ablation rate of the ice surface (Gribbon,1979) . In addition to less solar radiation at deeper depths, heat is also conducted at a faster rate away from the hole bottom as it reaches deeper depths into colder ice. The entire melt deepening of the hole occurs during summer and compensates for the winter and summer ablation. The surface remains frozen due to belowfreezing air temperatures, and high winds that keep sublimation high (Lewis and others,1998) .
Cold and warm years
Our meteorological measurements began in 1993, and summer (December and January) air temperatures in Taylor Valley have averaged a few ‡C below freezing (Fig. 7) . During the summer of 2000/01, air temperatures averaged 6.1 ‡C. Most of the cryoconite holes drilled in January 2001 were frozen to the bottom and we presume they were frozen for the entire summer. Therefore, during cold years some or most of the cryoconite holes do not melt and much of the ablation zone does not make a hydrological contribution to the stream-flow. The only contributing areas would be the cliffs along the glacier terminus and perhaps the glacier surface near the margin (Fountain and others,1998) .
Snowfall also has a great effect on cryoconite holes. Summer snow typically causes stream-flow to drop dramatically due to the increase in surface albedo of the glaciers. Little snowmelt occurs since summer air temperatures are below freezing and most of the solar radiation is reflected. Consequently, a thin snow cover can persist for weeks and prevent most shortwave radiation from penetrating into the ice. Under these conditions, the once water-filled holes begin to freeze.
The warmest summer air temperatures since 1993 occurred in the 2001/02 season, with a mean temperature of 1.8 ‡C and several days of temperatures above 4 ‡C. For the first time, as previously mentioned, we observed many open cryoconite holes, streams flowing over the glacier, and the presence of extensive sediment patches. We could readily see that if these conditions persisted, the near-surface water system would evolve into a supraglacial system typical of temperate and polythermal glaciers. Towards mid-January the air temperatures cooled and the holes began to refreeze. So within the climatic variation of the McMurdo Dry Valleys, we have witnessed the range of conditions from a nearentirely frozen water system to one that is almost completely melted out. Thus the subsurface cryoconite and flow-pas- 
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Fountain and others: Cryoconite holes in the McMurdo DryValleys this sample is representative, then roughly half of the cryoconite holes produce runoff. It is interesting to note that although the majority of the holes were isolated for a year, three holes were isolated for multiple years and one for over a decade! These values support previous suggestions (Von Drygalski,1897) as quoted by , and our notion that cryoconite holes are relatively stable features and persist from year to year.
WORKING HYPOTHESES
Annual cycle
Once a cryoconite hole is established, it undergoes an annual cycle. Holes reach their maximum depth in late summer under conditions of relatively warm air temperatures and intense sunshine . In early autumn, starting in lateJanuary, conditions cool in response to decreased solar radiation, ice forms on the open-water holes and the water within the ice-lidded holes begins to refreeze. For isolated holes, large pressures can accumulate. We have pierced new ice covers, several cm thick, on previously open holes and observed a jet of water 1^2 m high. Under great pressure, the surrounding ice may fracture, creating incipient channels. Such fracturing is observed around bubbles formed in refrozen water trapped within the lake-ice covers (Adams and others, 1998) . Wright and Priestly (1922) observed the last stages of hole freeze-up during their expedition in late February and early March. They suggested that cracking around the holes drains some of the water from the holes. Eventually, all the water in the system freezes. Winter (February^October) sublimation ablates the glacier surface and decreases the depth to the sediment layer in the frozen holes. By late spring, the sediment is at its shallowest depth. Air temperatures warm in spring, and solar radiation heats the ice and sediment; ice temperatures around the sediment warm to the melting point. The sediment begins to melt into the ice more rapidly than the ice surface ablates and the holes deepen.The onset of cryoconite melt occurs no earlier than mid-November since we have never encountered water in any holes by that time. The downward melting of the sediment continues until a balance is achieved between the downward melting of the hole and the ablation rate of the ice surface (Gribbon,1979) . In addition to less solar radiation at deeper depths, heat is also conducted at a faster rate away from the hole bottom as it reaches deeper depths into colder ice. The entire melt deepening of the hole occurs during summer and compensates for the winter and summer ablation. The surface remains frozen due to belowfreezing air temperatures, and high winds that keep sublimation high (Lewis and others,1998) .
Cold and warm years
The warmest summer air temperatures since 1993 occurred in the 2001/02 season, with a mean temperature of 1.8 ‡C and several days of temperatures above 4 ‡C. For the first time, as previously mentioned, we observed many open cryoconite holes, streams flowing over the glacier, and the presence of extensive sediment patches. We could readily see that if these conditions persisted, the near-surface water system would evolve into a supraglacial system typical of temperate and polythermal glaciers. Towards mid-January the air temperatures cooled and the holes began to refreeze. So within the climatic variation of the McMurdo Dry Valleys, we have witnessed the range of conditions from a nearentirely frozen water system to one that is almost completely melted out. Thus the subsurface cryoconite and flow-pas- Fig. 7 . The mean summer (December andJanuary) air temperature for all four glacier meteorological stations in Taylor  Valley. sage system of ''normal'' years is a transitory stage between these extremes.
Extreme cryoconite holes
Extremely large cryoconite holes are observed on some glaciers in the dry valleys. The holes are tens of meters in diameter and 5 m deep, with a shallow ($0.5 m) ice-covered slush pond at the bottom. We believe they form in the following manner. First, the hole loses its ice lid. A water-filled hole supports the ice cover, but once the hole becomes hydraulically connected, the water drains and the cover loses its support. If the hole diameter is sufficiently large, the cover fails mechanically or is weakened by solar warming and subsequently fails. The hole walls are now exposed directly to the sun and receive more intense solar radiation compared to the surrounding sub-horizontal glacier surface, due to the low solar elevation angle (maximum 36 ‡). Additionally, multiple reflections of the solar beam within the hole enhance the incoming radiation. Although the daily total radiation is less in the holes than on the surrounding surface, because of aspect and self-shadowing, the greater intensity is important to rapidly warm the ice.Winds in the hole are much calmer than on the surrounding glacier surface, resulting in smaller turbulent heat losses (sensible and latent) and higher surface ice temperatures. These conditions favor melt, a more energy-effective ablation process, over sublimation. On sunny days, consequently, the holes deepen and widen faster than the surrounding horizontal surface ablates . Conversely, during cloudy periods the holes trap less solar energy, ablate less than the glacier surface, and decay. As the holes enlarge, the sediment layer at the bottom thins as it disperses across the enlarging pools of water. Sediment dispersal probably results from water passing through the hole from the near-surface hydrologic system. If thinning were to continue, the albedo of the hole bottom 
Extremely large cryoconite holes are observed on some glaciers in the dry valleys. The holes are tens of meters in diameter and 5 m deep, with a shallow ($0.5 m) ice-covered slush pond at the bottom. We believe they form in the following manner. First, the hole loses its ice lid. A water-filled hole supports the ice cover, but once the hole becomes hydraulically connected, the water drains and the cover loses its support. If the hole diameter is sufficiently large, the cover fails mechanically or is weakened by solar warming and subsequently fails. The hole walls are now exposed directly to the sun and receive more intense solar radiation compared to the surrounding sub-horizontal glacier surface, due to the low solar elevation angle (maximum 36 ‡). Additionally, multiple reflections of the solar beam within the hole enhance the incoming radiation. Although the daily total radiation is less in the holes than on the surrounding surface, because of aspect and self-shadowing, the greater intensity is important to rapidly warm the ice.Winds in the hole are much calmer than on the surrounding glacier surface, resulting in smaller turbulent heat losses (sensible and latent) and higher surface ice temperatures. These conditions favor melt, a more energy-effective ablation process, over sublimation. On sunny days, consequently, the holes deepen and widen faster than the surrounding horizontal surface ablates . Conversely, during cloudy periods the holes trap less solar energy, ablate less than the glacier surface, and decay.
As the holes enlarge, the sediment layer at the bottom thins as it disperses across the enlarging pools of water. Sediment dispersal probably results from water passing through the hole from the near-surface hydrologic system. If thinning were to continue, the albedo of the hole bottom would increase, melt deepening would decrease and the hole would decay. However, sediment is resupplied to the hole as it enlarges and intersects ice-lidded cryoconite holes, the contents of which are dumped into the enlarging hole. Therefore the survival of the large holes depends, in part, on the cannibalization of other holes to maintain its sediment layer. Also, the large holes act as sediment traps for aeolian-transported sediment. The sequence of events is illustrated in Figure 8 .
Large cryoconite holes do not commonly form on the glaciers. Perhaps large patches of sediment are required to initiate large holes. In addition, the sediment has to remain in place long enough to start melting-in, which in the dry valleys may take as long as months if the sediment is deposited in winter, or only a week if deposited in summer. Canada Glacier seems to be unusual in that it has a pattern of large holes aligned parallel to the primary katabatic wind direction and located on the windward side of the glacier. The large expanse of sediment on the ice of Lake Hoare, adjacent to the glacier, and the sand dunes along the lake^gla-cier margin certainly suggest that large fluxes of sediment are episodically blown onto the glacier.
CONTRIBUTION TO RUNOFF
Our hypothesis is that meltwater production in the cryoconite holes is a source of runoff in the McMurdo DryValleys. Lewis and others (1999) compared the measured stream discharge from Canada Glacier with the melt volume from the ice cliffs and found that the cliffs accounted for 18% of the runoff during two summers (1994/95 and 1995/96) . The remaining 82% comes from the glacier surface. Based on runoff measurements from Andersen Creek on the west side of the glacier and Canada Stream on the east side of the glacier, the 2 year (1994/95, 1995/96) . From the surface topography of the glacier, these two streams drain roughly 38% (3:35 Â 10 6 m 2 ) of the ablation zone. The remaining 62% drains directly into Lake Hoare or into unmeasured creeks. Lewis and others (1998) calculated 0.43 m w.e. of melt on the cliffs over the two summers. These cliffs, which define the margin of the ablation zone, are about 20 m high. The cliff length contributing to stream-flow is about 2.8 km. The total volume of melt from the cliffs over the 2 years is about 24 Â 10 3 m 3 . The difference between the total measured stream-flow and that derived from the cliffs is the runoff derived from the glacier surface, or 174 Â 10 3 m 3 . Cryoconite holes cover about 4.5% of the surface on Canada Glacier. For the purposes of this calculation, we assume that they are all hydrologically connected, and ignore melt contributions from the interconnecting passages. If the cryoconite hole depths keep pace with the annual ablation for the 2 years (17.5 cm w.e.), then the holes produced 26 Â 10 3 m 3 of water or about 15% of the streamflow from the glacier surface or 13% of the total runoff from the glacier. For the cryoconite holes to account for the entire surface meltwater, the coverage of the holes would have to increase to 30%, an unrealistically high value.
These approximate values clearly do not account for all the observed stream-flow. Our calculations ignore the large cryoconite holes that populate the lower part of the glacier. If these large holes are included in the calculation, a much greater fraction, maybe twice our estimated value, of the runoff would be explained. However, the large holes operate by different processes than the ice-lidded ones, and the two types cannot be simply grouped together. Ablation is much greater near the terminus, and consequently the rate of hole deepening (melt) is much greater. Also, there may be a greater fractional area of cryoconite holes near the margin where sediment is more frequently blown onto the glaciers. Therefore, we consider 13% of the surface runoff to be a minimum value.
DISCUSSION
Some authors suggest that cryoconite holes are important to the heat and mass balance of a glacier Wharton and others, 1985; others, 2000, 2001a, b) . For glaciers in the dry valleys, these effects are probably small because the cryoconite hole coverage is low, <10% of the ice surface. Of that coverage, the albedo is reduced from about 0.65 for the ice surface to about 0.5 for the cryoconite hole surface. Averaged over the glacier surface, the albedo is reduced by about 3%. Other factors play a more important role in ablation, including differences in wind speed, snow cover (Fountain and others, 1999a, b) and surface orientation (Lewis and others, 1999) . However, cryoconite holes are important for creating melt.
The near-surface melt observed in the dry valleys is similar to that found by Liston and others (1999) in Dronning Maud Land, where large areas of subsurface water are found under ''blue'' (clear) ice. The lower albedo and higher clarity of the blue ice favors subsurface melting due to the ''greenhouse'' effect . In comparison, the dry valleys exhibit bubbly-whitish ice, rather than blue ice, and therefore require sediment as the agent of subsurface melt. The resulting melt and refreezing of water increases the ice clarity compared to the surrounding bubbly ice, producing blue-ice-like conditions.
Without sediment on the glaciers to reduce the albedo, cryoconite holes would not develop and meltwater generation would be significantly reduced. From this perspective, cryoconite holes form a transitional hydrologic system between the truly water-covered, supraglacial system common to temperate and polythermal glaciers and the cold and dry ice of the polar interior. In fact, we have observed these hydrologic extremes within our own data record as previously summarized in section 4.2.
SUMMARY AND CONCLUSIONS
Ice-lidded cryoconite holes are unusual in view of previous cryoconite reports in the scientific literature. Outside of the McMurdo Dry Valleys, the only other reports of ice-lidded cryoconite holes are from northern Greenland , and those lids melt by mid-summer. Near-surface melt is relatively common in Antarctica. It occurs on the ice sheet in Dronning Maud Land (Liston and others, 1999) , on the McMurdo Ice Shelf , in the sea ice and on the lakes of the dry valleys Adams and others, 1998) . The presence of water pools under the ice surface results from a local ''greenhouse'' effect whereby the rate of turbulent heat loss from the surface exceeds conduction from the radiationally warmed subsurface. The climatic en-
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Fountain and others: Cryoconite holes in the McMurdo DryValleys would increase, melt deepening would decrease and the hole would decay. However, sediment is resupplied to the hole as it enlarges and intersects ice-lidded cryoconite holes, the contents of which are dumped into the enlarging hole. Therefore the survival of the large holes depends, in part, on the cannibalization of other holes to maintain its sediment layer. Also, the large holes act as sediment traps for aeolian-transported sediment. The sequence of events is illustrated in Figure 8 .
CONTRIBUTION TO RUNOFF
Our hypothesis is that meltwater production in the cryoconite holes is a source of runoff in the McMurdo DryValleys. Lewis and others (1999) compared the measured stream discharge from Canada Glacier with the melt volume from the ice cliffs and found that the cliffs accounted for 18% of the runoff during two summers (1994/95 and 1995/96) . The remaining 82% comes from the glacier surface. Based on runoff measurements from Andersen Creek on the west side of the glacier and Canada Stream on the east side of the glacier, the 2 year (1994/95, 1995/96 ) total runoff volume is 198 Â 10 3 m 3 . From the surface topography of the glacier, these two streams drain roughly 38% (3:35 Â 10 6 m 2 ) of the ablation zone. The remaining 62% drains directly into Lake Hoare or into unmeasured creeks. Lewis and others (1998) calculated 0.43 m w.e. of melt on the cliffs over the two summers. These cliffs, which define the margin of the ablation zone, are about 20 m high. The cliff length contributing to stream-flow is about 2.8 km. The total volume of melt from the cliffs over the 2 years is about 24 Â 10 3 m 3 . The difference between the total measured stream-flow and that derived from the cliffs is the runoff derived from the glacier surface, or 174 Â 10 3 m 3 . Cryoconite holes cover about 4.5% of the surface on Canada Glacier. For the purposes of this calculation, we assume that they are all hydrologically connected, and ignore melt contributions from the interconnecting passages. If the cryoconite hole depths keep pace with the annual ablation for the 2 years (17.5 cm w.e.), then the holes produced 26 Â 10 3 m 3 of water or about 15% of the streamflow from the glacier surface or 13% of the total runoff from the glacier. For the cryoconite holes to account for the entire surface meltwater, the coverage of the holes would have to increase to 30%, an unrealistically high value.
DISCUSSION
SUMMARY AND CONCLUSIONS
Ice-lidded cryoconite holes are unusual in view of previous cryoconite reports in the scientific literature. Outside of the McMurdo Dry Valleys, the only other reports of ice-lidded cryoconite holes are from northern Greenland , and those lids melt by mid-summer. Near-surface melt is relatively common in Antarctica. It occurs on the ice sheet in Dronning Maud Land (Liston and others, 1999) , on the McMurdo Ice Shelf , in the sea ice and on the lakes of the dry valleys Adams and others, 1998) . The presence of water pools under the ice surface results from a local ''greenhouse'' effect whereby the rate of turbulent heat loss from the surface exceeds conduction from the radiationally warmed subsurface. The climatic en-vironment that favors this process is sunny skies, belowfreezing air temperatures, and winds.
The contribution of subsurface melt to the development and extent of the glacial-hydrologic system is a new hypothesis. The existence of a near-surface hydrologic system challenges our simple definitions of supra-and englacial water systems. About one-half of the holes are well connected hydrologically. Independent cycles of water storage and release occur over short distances in the system. These cycles may result from small differences in solar illumination and shading that cause local freeze^thaw effects, which restrict or enhance water flow. Cryoconite holes are important to generating glacial melt and form a significant component of the hydrologic system of these polar glaciers. Our rough calculations suggest that at least 13% of the observed runoff from the glaciers can be attributed to melt in cryoconite holes. For the cold environment of the McMurdo Dry Valleys, cryoconite holes and the near-surface water-flow system represent the transitional stage between the watersoaked surface of a temperate or polythermal glacier and an entirely frozen surface of a polar glacier.
About one-half of the cryoconite holes are hydrologically isolated. Based on the conservation of chloride in the hole waters, it is not uncommon to find isolation ages of a few years or more. Ice lids limit the exchange of water and air between the hole waters and the surrounding environment. If biologic material is present, photosynthesis changes the water chemistry dramatically, resulting in waters more typical of African soda lakes than of glacial melt (Tranter and others, 2004) . Cryoconite holes may play an important role in the biogeochemical cycling of the dry valleys. Once they become reconnected to the hydrologic system, they inoculate streams with biologic material (Wharton and others, 1985) . Also, cryoconite holes may be models for similar refugia on icy planets (Vincent and HowardWilliams, 2000; or on Earth during its hypothesized global glaciation (''snowball earth'') 6008 00Â 10 6 years ago (Hoffman and others,1998).
44
vironment that favors this process is sunny skies, belowfreezing air temperatures, and winds. The contribution of subsurface melt to the development and extent of the glacial-hydrologic system is a new hypothesis. The existence of a near-surface hydrologic system challenges our simple definitions of supra-and englacial water systems. About one-half of the holes are well connected hydrologically. Independent cycles of water storage and release occur over short distances in the system. These cycles may result from small differences in solar illumination and shading that cause local freeze^thaw effects, which restrict or enhance water flow. Cryoconite holes are important to generating glacial melt and form a significant component of the hydrologic system of these polar glaciers. Our rough calculations suggest that at least 13% of the observed runoff from the glaciers can be attributed to melt in cryoconite holes. For the cold environment of the McMurdo Dry Valleys, cryoconite holes and the near-surface water-flow system represent the transitional stage between the watersoaked surface of a temperate or polythermal glacier and an entirely frozen surface of a polar glacier.
